Accurate fine-structure atomic data for the Fe-peak elements are essential for interpreting astronomical spectra. There is a severe paucity of data available for Sc II, highlighted by the fact that no collision strengths are readily available for this ion. We present electron-impact excitation collision strengths and Maxwellian averaged effective collision strengths for Sc II. The collision strengths were calculated for all 3916 transitions amongst 89 jj levels (arising from the 3d4s, 3d 2 , 4s 2 , 3d4p, 4s4p, 3d5s, 3d4d, 3d5p, 4p 2 and 3d4f configurations), resulting in a 944 coupled channel problem. The R-matrix package RMATRXII was utilized, along with the transformation code FINE and the external region code PSTGF, to calculate the collision strengths for a range of incident electron energies in the 0 to 8.3 Rydberg region. Maxwellian averaged effective collision strengths were then produced for 27 temperatures lying within the astrophysically significant range of 30 to 10 5 K. The collision strengths and effective collision strengths were produced for two different target models. The purpose was to systematically examine the effect of including open 3p correlation terms into the configuration interaction expansion for the wavefunction. The first model consisted of all 36 CI terms that could be generated with the 3p core closed. The second model incorporated an additional six configurations which allowed for single-electron excitations from within the 3p core. Comparisons are made between the two models and the results of Bautista et al., obtained by private communication. It is concluded that the first model produced the most reliable set of collision and effective collision strengths for use in astrophysical and plasma applications.
I N T RO D U C T I O N
The Fe-peak elements are of particular astrophysical importance due to their presence in spectra taken from a vast range of astronomical sources. Sc II is the lightest member of the Fe-peak elements; however, modelling this ion still remains a complex task due to the presence of an open 3d shell. As a result, complex configuration interaction expansions need to be employed for the wavefunction for use with the most up-to-date R-matrix codes. Despite Sc II being the least abundant of the Fe-peak elements within our Solar system, many spectra are still found to possess emission or absorption lines of Sc II -mainly in the visible and near-infrared regions. For instance, Sc II lines are present in the visible region for several A and F dwarf members of the Coma Berenices open cluster (Gebran, Monier & Richard 2008) . In the strontium filament of the luminous blue variable η-Carinae seven allowed and five forbidden E-mail: mgrieve02@qub.ac.uk lines of Sc II have been detected (Bautista et al. 2009) . A wealth of metal-poor stars are also found to possess several Sc II lines, such as the extremely metal-poor stars in the Sextans dwarf spheroidal galaxy (Aoki et al. 2009 ). One of the most common sources of Sc II is Type I and Type II supernovae, for example, Elmhamdi et al. (2006) introduced Sc II lines into synthetic spectra of SN 1991ar, SN 1987M and SN 1999em , to name but a few. A final example is the presence of Sc II λ4247 absorption lines in the circumstellar gas in the Herbig Ae star BF Orionis (Mora et al. 2004) .
It is thus essential to have a complete and accurate set of atomic data for Sc II. For example, Dessart & Hillier (2011) incorporated oscillator strengths and photoionization data for Sc II into their non-LTE time-dependent radiative-transfer simulations of Type II-P supernovae. Although oscillator strengths are in existence for Sc II (such as the 14 jj level calculation of Lundin et al. 2008) , there is an extreme dearth of any collisional data. The only electron-impact excitation collision strengths produced to date were calculated by Bautista et al. (2009) . Bautista et al. employed the collision strengths to calculate the chemical abundance of Sc II within the strontium filament found in the ejecta of η-Carinae. Their fine-structure collision strengths were calculated for transitions amongst the 30 lowest fine-structure energy levels arising from the configurations 3d 2 , 3d4s, 3d4p and 4s 2 . There is clearly a growing need for accurate effective collision strengths for Sc II; however, at present, no set of effective collision strengths has been made readily available to the astrophysics and plasma physics communities.
In the present work, collision strengths were calculated by utilizing the RMATRXII suite of codes (Burke, Burke & Dunseath 1994; Sunderland et al. 2002) to perform the internal region calculations in LS coupling. The results were then transformed by the code FINE (Burke, private communication) , which incorporates the relativistic fine-structure effects into the results via the use of term coupling coefficients (TCCs). The external region calculations were performed with the PSTGF code (Ballance & Griffin 2004) . These codes have been successfully utilized over the last number of years to compute complete and accurate sets of atomic data for other complex Fe-peak systems such as Fe II (Ramsbottom, Hudson & Norrington 2007; Ramsbottom 2009 ), Ni II (Cassidy, Ramsbottom & Scott 2010 and Cr II (Wasson, Ramsbottom & Scott 2010 .
Two theoretical models were developed, both of which incorporated 47 LS/ 89 jj levels arising from the 3d4s, 3d 2 , 4s 2 , 3d4p, 4s4p, 3d5s, 3d4d, 3d5p, 4p 2 and 3d4f configurations. This gave rise to a 944 coupled channel problem and a total of 3916 finestructure transitions. The two theoretical models are described in detail in Section 2 and a selection of the energy levels and transition probabilities are presented. The collision strengths and Maxwellian averaged effective collision strengths are presented in Section 3, and the two different models are compared. In Section 3 the two models are also compared with the effective collision strengths produced by Bautista et al. (2009) . Section 4 is dedicated to several concluding remarks and a discussion on which model is most appropriate for use in astrophysical and plasma applications.
ATO M I C M O D E L

Target model
Two models were developed in LS coupling to represent the Sc II target. Both models consisted of 47 target states, which arise from the 3d4s, 3d 2 , 4s 2 , 3d4p, 4s4p, 3d5s, 3d4d, 3d5p, 4p 2 and 3d4f configurations. The wavefunctions for the target states were generated through use of the configuration interaction method. In total, 13 orthogonal basis orbitals were employed in the configuration interaction calculations: 12 spectroscopic orbitals (1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p) and one correcting pseudo-type orbital5d.
The orbitals were expressed analytically with the radial part of each orbital, P nl , approximated as a linear combination of Slatertype orbitals
The orbital parameters (c i , p i , ξ i ) for the 1s, 2s, 2p, 3s, 3p, 3d and 4s orbitals were taken from the comprehensive tables of Clementi & Roetti (1974) . The aforementioned orbitals were obtained by applying the Hartree-Fock method to the ground state configuration 3d4s 3 D. The parameters for the remaining six orbitals (see Table 1 ) were generated using the CIV3 code (Hibbert 1975) . The pseudo-5d orbital was optimized on the lowest 3d 2 state to suitably allow for correlation effects.
The simplest model, model 1, incorporated a total of 36 configurations into the configuration interaction expansions of the wavefunc- tions. The 36 configurations consisted of all possible configurations that could be generated by keeping the 3p core closed. Model 2 consisted of an additional six configurations to those included in model 1. The additional configurations were created by permitting single-electron excitations from within the previously closed 3p orbital. The configurations included in each model are presented in Table 2 . These two models were developed to investigate how the opening of the 3p core influenced the collision strengths and effective collision strengths. The corresponding energies produced using the two different models are presented in Table 3 ; however, only the lowest 17 states have been included for the sake of brevity. It can immediately be observed that model 2 provides a good overall improvement upon the energies produced by model 1 -opening the 3p core is necessary to allow for essential correlation effects. An example is the 4s 2 1 S state, the model 1 result was 29 per cent greater than the value of Sugar & Corliss (1985) ; however, the model 2 result was within a more acceptable 2.4 per cent of their result. The second model also provided a significant improvement of around 15 per cent to the energy of the low-lying 3d 2 3 F state. This state proved particularly troublesome, even permitting two-electron excitations from within the 3p orbital provided little improvement to the respective energy and would have resulted in a substantial R-matrix calculation.
The transition probabilities, A ij , were calculated for both models by employing the CIV3 code. Table 4 presents a sample of the transition probabilities obtained in the length gauge for models 1 and 2. The good agreement of the results of the two models with the results of Lawler & Dakin (1989) and Kurucz & Peytremann (1975) illustrates the overall credibility of both models. Table 3 . The energies produced using the two different models. Energies are in Rydbergs and the second column gives the experimental energies of Sugar & Corliss (1985) taken from the NIST data base (Ralchenko et al. 2011 Although model 2 possesses an obvious benefit over model 1 with respect to the energies produced, it still remains to be seen whether a noticeable difference will be manifested between the corresponding effective collision strength profiles.
Collision calculation
The RMATRXII suite of codes (ANG, RAD and HAM) was employed to calculate the internal region information. RMATRXII adopts the LS coupling scheme which in turn permits the use of more complex CI expansions for the wavefunctions. The R-matrix boundary radius was chosen to be 25 au and the number of continuum orbitals per value of total angular momentum, L, was set at 21 to ensure convergence over this region. The calculations were performed for all partial waves (doublets and quartets) with L ≤ 14. The code FINE was then adopted to transform the internal region information from LSπ into Jπ coupling. To take account of term splitting in the target, FINE transforms the R-matrix in pair coupling by further employing TCCs, which are the mixing coefficients for the individual L i S i π i states forming a J i π i state. FINE is particularly efficient since it transforms the energy-independent surface amplitudes and thus does not need to be repeated for each energy. Past investigations have illustrated that the difference in the results is negligible between employing the aforementioned method and using the RMATRXI Breit-Pauli code. The external region code PSTGF adopts a perturbational scheme to calculate the collision strengths and was employed for incident electron energies ranging from 0 to 8.325 Rydberg. A fine mesh (4 × 10 −5 Rydberg) was employed throughout the resonance region to ensure that the masses of Rydberg resonances that converge upon the target thresholds were successfully resolved. It should be noted that during the calculations the target energies were shifted to the experimental values to ensure that the Rydberg resonances converged on to the correct thresholds. A total of 19 100 mesh points were adopted in the resonance region from 0 to 0.764 Rydberg. Beyond the last target threshold at 0.764 Rydberg, a coarser mesh was adopted which consisted of only 210 mesh points. PSTGF also incorporates the Coulomb-Bethe approximation (Burgess 1974) , which is used to calculate the 'top-up' contribution to the collision strengths arising from partial waves with higher J values than those included in the RMATRXII run. In this case the 'top-up' was calculated for partial waves ranging from 2J = 25 to infinity.
The collision strength, ij , is related to the cross-section, σ ij , through the following relation:
The collision strengths were averaged over a Maxwellian distribution of electron energies to produce the corresponding effective collision strengths. The effective collision strength, ϒ ij , for a specific temperature is defined as
where T e is the electron temperature, k is the Boltzmann constant and E j is the final energy of the electron after scattering. The effective collision strengths were produced for 27 temperatures lying within the astrophysically significant range of 30 to 10 5 K. It is also possible to compute the corresponding reduced collision strengths. The reduced collision strengths are obtained by transforming the infinite range of energies to a finite range by employing the method of Burgess & Tully (1992) . The scales for the reduced electron energy, E red , and the reduced collision strength, red , are defined by the following respective equations:
ln(
where C is a parameter (given the value 7 in this instance) and E red is a dimensionless quantity ranging from 0 to 1. The infinite-energy collision strength, red (1), is related to the oscillator strength, f ij , through the following linear relation:
The reduced collision strengths provide a convenient way of examining the accuracy of the results and are particularly useful since oscillator strengths tend to be more readily available than collision strengths.
R E S U LT S A N D D I S C U S S I O N
In this section collision strengths and effective collision strengths are presented for models 1 and 2. The results are compared for both models to gauge the role (if any) played by the additional CI terms in model 2. Only the transitions amongst the lowest 26 fine-structure levels will be considered. For these particular transitions the collision strengths were found to have converged to a very satisfactory level for both the forbidden and dipole-allowed transitions. In general, the forbidden transitions had converged by the time the 2J = 15 partial wave was considered; however, the allowed transitions took substantially longer to converge. The 'topup' contribution was added to the collision strengths to ensure the successful convergence of the dipole-allowed transitions. Fig. 1 displays the collision strength as a function of incident electron energy for the three forbidden transitions from the ground state triplet 3d4s 3 D 1,2,3 to the 3d 2 3 F 2 state. Fig. 2 focuses on the low-energy resonance region from 0 up to 0.8 Rydberg -beyond 0.8 Rydberg the two models are in excellent agreement. The corresponding Maxwellian averaged effective collision strengths are presented in Fig. 3 against the logarithm of the electron temperature.
It is immediately apparent from Figs 1 and 2 that the results obtained using the two different models are in excellent agreement. The most noticeable difference in the collision strengths is the small shift in the resonance located at 0.18 Rydberg. Closer inspection of Fig. 1 also indicates that the model 1 background level consistently lies slightly above that due to model 2. The subtle differences between the locations of the resonances will not influence the effective collision strengths in any significant manner, as observed in Fig. 2. From Fig. 2 it can be seen that the opening of the 3p core in model 2 has slightly lowered the effective collision strength profile. For this transition it can be surmised that the additional six CI terms included in model 2 play a negligible role in the calculation of the effective collision strengths. The results of Bautista et al. (2009) collision strengths of Bautista et al. (2009) tend to reside at half the value predicted by models 1 and 2.
The majority of the forbidden transitions amongst the 26 lowest lying states also exhibited similar levels of agreement between the two models; however, there were a few exceptions which will be examined in Section 3.1. The results of Bautista et al. (2009) were persistently lower than those of models 1 or 2 by around a factor of half for all the low-lying forbidden transitions.
The dipole-allowed transitions also exhibited similar behaviour between the two models. For example, the collision strengths and corresponding effective collision strengths for the 3d collision strengths and effective collision strengths persistently lie slightly higher than those of model 1. This small difference between the effective collision strength profiles becomes particularly apparent for the higher temperatures around 10 5 K. The effective collision strengths produced for the remainder of the dipole-allowed transitions amongst the lowest 26 states also displayed similar, satisfactory levels of agreement between the two models. The additional CI terms included in model 2 tend to slightly raise or lower the effective collision strength profile relative to that of model 1 by a generally insignificant amount. So far, the additional six CI terms have little in the way of influence over the effective collision strength profiles. In the next section a counterexample will be presented.
Two particle-one hole resonances
As mentioned earlier there were a select few forbidden transitions for which the results of models 1 and 2 became noticeably different. One of the most illustrative examples is the 3d 2 3 P 1 -3d 2 3 P 2 transition, the results of which are presented in Fig. 5 . In this instance there are several noteworthy differences between the two sets of collision strengths, namely around 0.17, 0.35 and 0.53 Rydberg. In the aforementioned energy regions the model 2 collision strengths are significantly enhanced and this difference is reflected in the corresponding effective collision strength profiles. It should be stressed that only a very select few transitions exhibited behaviour of this kind, the only other noteworthy example corresponded to the forbidden 3d4s 1 D 2 -3d 2 1 D 2 transition. The large resonances which occur in the model 2 collision strengths but are absent from the model 1 collision strengths are generically referred to as two particle-one hole resonances. These have previously been studied in detail by Scott et al. (2006) for the Ni V ion. The two particle-one hole resonances play a significant role in determining the shape of the effective collision strength profiles. Two particle-one hole resonances are exclusive to model 2 since they arise specifically from the inclusion of the open 3p configurations in the CI expansion of the wavefunction. A major drawback is that the open 3p configurations were not explicitly included in the calculation as target states, as a result the two particle-one hole resonances are not guaranteed to occur in the correct location in the collision strength graphs.
Comparison with the results of Bautista et al. (2009) Kurucz & Peytremann (1975) , Lawler & Dakin (1989) , Wiese & Fuhr (1975) and Corliss & Bozman (1962) 
Infinite-energy limits
As a final test of the results it is pertinent to examine the reduced collision strengths. The model 1 reduced collision strengths for the 3d 2 1 D 2 -3d4p 1 D o 2 transition are presented in Fig. 6 . We recall from equation (6) that the behaviour of the collision strength at the infinite-energy limit is dependent on the oscillator strength, f ij , for that transition. Thus, we also plot in Fig. 6 the infinite-energy collision strengths predicted from the experimental oscillator strengths of Corliss & Bozman (1962) and Lawler & Dakin (1989) as well as the theoretical oscillator strengths of Kurucz & Peytremann (1975) and Wiese & Fuhr (1975) . The oscillator strengths predicted by the aforementioned authors and the results of model 1 are listed in Table 5 . From Fig. 6 , it is immediately apparent that the predicted infinite-energy collision strengths show a great deal of variation from author to author. As a final example the oscillator strengths for the 3d 2 3 P 1,2 -3d4p 3 P o 1 transitions have also been included in Table 5 . For the aforementioned transitions, it can be inferred from Table 5 that the present infinite-energy collision strengths lie above those calculated by the other authors.
Due to the lack of recent atomic data for Sc II and the dispersion between the oscillator strengths obtained by the various authors, little can really be concluded from the reduced collision strength graphs. To completely verify the accuracy of the collision strengths produced by the two models it will be necessary to use the results in a direct astrophysical/plasma application.
Finally in Table 6 , available in machine-readable form from the CDS (http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS/) and as Supporting Information with the online version of this article, we tabulate the effective collision strengths computed in the present 89 jj level model 1 approximation. Table 6 includes all 3916 individual forbidden and allowed lines for temperatures ranging from 30 to 10 5 K.
C O N C L U S I O N S
Two target models were developed consisting of 47 LS/ 89 jj target states which arose from the 3d4s, 3d 2 , 4s 2 , 3d4p, 4s4p, 3d5s, 3d4d, 3d5p, 4p 2 and 3d4f configurations. Model 1 consisted of all 36 CI terms that could be obtained keeping the 3p shell closed. Model 2 consisted of six additional CI terms which were generated by permitting single-electron excitations from within the 3p core. Collision strengths and Maxwellian averaged effective collision strengths were calculated for both models for all 3196 transitions resulting in a 944 coupled channel problem. Effective collision strengths were then calculated for 27 electron temperatures ranging from 30 to 10 5 K. Several results were presented for transitions between the lowest 26 energy levels. It was established that for the majority of the transition there was little difference between the effective collision strengths produced for both models -the opening of the 3p core provided little improvement to the results. Several transitions exhibited two particle-one hole resonances. Although the two particle-one hole resonances were significant it was mentioned that they could be substantially misplaced. Due to the scarcity of the two particleone hole resonances and the corresponding placement problems it was felt that, on balance, model 1 provided the most reliable set of effective collision strengths for use in astrophysical and plasma applications.
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